Plant and folk medicine represent nowadays a source of either new therapeutic substances or substrates for drug synthesis. One such promising group for possible further exploitation is the family of aporphine alkaloids containing boldine and related compounds. In this mini-review we focus on boldine and its newly described effects, which predominantly arise from its antioxidant properties. Moreover, we try to compare its antiproliferative properties with other better known members of the aporphine group.
: Boldine -(6aS)-1,10-Dimethoxy-6-methyl-5,6,6a,7-tetrahydro-4Hdibenzo[de,g]quinoline-2, 9-diol Antioxidant activities of boldine: Main sources of boldine are the leaves and bark of the Chilean tree Peumus boldus (common name, boldo) from the Monimiaceae family, but it can also be isolated from plants of the related Lauraceae family, among others [2, 6, 7] . Like other members of the aporphine group, boldine behaves as a potent antioxidant. Although boldine has various beneficial effects, the majority of them arise just from its antioxidant properties. Due to its free radical scavenging properties, boldine influences cell proliferation, survival, differentiation and metabolism [4] . Aporphines generally are easily oxidized to dehydro-and oxoaporphines. Even in the absence of hydroxyl groups in non-phenolic aporphines, the antioxidant capacity is maintained by the stabilization of the benzylic C-6a radical with the nitrogen lone pair [8] .
Generally, with respect to the phenolic structure, these phytochemicals can exert a biphasic effect. In cancer cells, they can scavenge the constitutively high amounts of H 2 O 2 that stimulate proliferation. On the other hand, the same phytochemicals under certain experimental conditions can exhibit pro-oxidant activity and generate ROS in amounts beyond the threshold for its tolerance [9] . This is true also for boldine. At concentrations of 10 and 50 µM, it exhibits intense free radical scavenging properties; however, at a concentration of 100 µM, boldine potentiates lipoperoxidation induced by ischemia, indicating a pro-oxidant effect in rat hippocampal slices [10] . Similar concentration-dependent effects can be observed on regulators of adipogenesis and adiponectin levels. Boldine protects adiponectin from both oxidative stress and inflammatory cytokines at lower concentrations (10-25 µM), giving better protection than higher concentrations (more than 50 µM) [11] . In diabetic conditions, boldine restores NO bioavailability and thus attenuates oxidative stress and endothelial dysfunction [12] . Another property of boldine and related alkaloids which seems to be closely related to its free radical scavenging effects is its antinociceptive activity. Boldine inhibited the rapid pain response and exerted a central antinociceptive effect [2] . Moreover, boldine as an antioxidant, strongly inhibits the synthesis of prostaglandin, which results in its anti-inflammatory and antipyretic effects [13] .
Enzyme inhibitory activities of boldine:
Besides exhibiting significant antioxidant properties, boldine exerts inhibitory activity on some enzymes. Boldine inhibits acetylcholinesterase activity with an IC 50 value of 8.5±1.4 µM. For comparison, the IC 50 value of the standard acetylcholinesterase substrate inhibitor, huperzine A, is 1.8 µM [6] . The inhibition of acetylcholinesterase and the consequent increase in colon motility are the reasons why the infusion of P. boldus is used in folk medicine to treat digestive and hepatic problems [14] . However, boldine itself possess an ileum relaxant property [15] . In addition, boldine exhibits other properties with respect to which a connection with antioxidant capacity has not yet been proven. Boldine might be able to interact with the promoter of the peroxisome proliferator-activated receptor (PPAR) gene directly and/or modulate its responsive genes and thus have strong beneficial effects on obesity-related diseases. This effect seems to be independent of its antioxidant property [11] . Hoet et al. [16] focused on boldine as well as other aporphine alkaloids within the context of DNA. These alkaloids are non-planar molecules and thus lack the structure of conventional DNA intercalators. Nevertheless, boldine intercalates weakly into DNA and may also be an adaptive intercalator such as dicentrine, undergoing a conformational change to a planar conformation upon binding to DNA [17] . Despite this weak intercalation, no effect on topoisomerase I and II activity was observed after boldine treatment. Its cytotoxicity is, therefore, probably independent of interactions with DNA or topoisomerases.
NPC Natural Product Communications
Nevertheless, boldine is a popular compound in the synthesis of derivatives with improved inhibitory activities. Boldine methine can inhibit angiotensin-II-induced leukocyte-endothelial cell interactions in vivo. The effects are mediated partly through the inhibition of the generation of ROS, the down-regulation of P-selectin expression on the endothelial cell, the inhibition of CXC chemokine and PAF release, and the blockade of PAF receptor. In contrast, boldine did not markedly affect the inflammatory activity elicited by angiotensin-II [18] . Other activities of boldine are of an anti-α-glucosidase, anti-leishmanial and anti-fungal nature [6] .
Antiproliferative activities of boldine:
Whereas the antioxidant activities of boldine are well documented [19] , relatively little is known about its antiproliferative properties. A considerable difference is observed in the effects of boldine alone compared with boldo extract, which is a mosaic of active components. In infusions of boldo leaves about 40 compounds were detected. Thus, the medicinal properties reported for such infusions should be attributed not only to the presence of catechin and boldine, but also to other compounds [20] . That is, that the various effects of the decoction or extract from boldo leaves were not confirmed or observed after simple treatment with boldine, catechin, quercetin or rutin, even at concentrations exceeding those in the extract [21] .
The anti-proliferative effect of P. boldus water extract is strongly cell dependent. The extract at a concentration as high as 3.5 mg of P. boldus extract/mL did not cause any appreciable decrease in Caco-2 cell viability. For HeLa cells, a P. boldus water extract concentration of 0.66 mg/mL was able to reduce cell viability by 50% [14] . In addition, the methanolic extract (containing 1.05% of boldine) inhibited cell growth and induced apoptosis in the M14 cell line [21] .
Despite its weak effect on cell viability, a strong modification in the protein profile of HeLa cells appears. Some of these proteins may correspond to the cadherins or to the connexins. This may help cell communication in the gap-junctions, as treatment with P. boldus results in the detachment of cells [14] . In the M14 human cancer cell line, P. boldus leaf extract at 5 and 10 mg/mL induced a reduction in Hsp70 protein expression. This decrease was in correlation with a high level of DNA fragmentation and a significant increase in caspase-3 enzyme activity. A parallel growth in ROS production could amplify the apoptosis cascades. P. boldus leaf extract at higher concentrations (20-40 mg/mL) causes necrosis associated with high lactate dehydrogenase release and a further increase in ROS production. These processes generate intolerable oxidative stress in cancer cells [21] . A very important fact is that the extract of leaves of P. boldus exhibited no effect on the viability of normal fibroblast cells [20] . Also Gerhardt et al. suggested that boldine is selectively toxic because it may not affect hippocampal cells to the extent that it affects tumor cells [22] . Boldine reduced cellular proliferation by inducing G2 arrest followed by a reduction in mitotic cells in U138-MG exposed to 80 µM for 72 hours. Boldine did not induce apoptosis in these cells.
Neither activation of caspases 3 or 9 nor an increase in the cleavage of PARP or DNA fragmentation were observed after exposure for 24 hours. Only C6 cells were propidium iodide positive after 500 µM boldine treatment for 72 hours [22] .
Further, the antiproliferative properties of boldine are improved by the synthesis of different derivatives. Two new compounds -3thiocarbamateboldine and 2,9-O,O-diacetyl-3-thiocarbamateboldine -were synthesized and their cytotoxicity evaluated by Thomet et al [23] . The derivatization of boldine to a diphenylphosphinyl derivative results in its enhanced lipophilicity as well as an increase in its intercalating behavior and thus in significant cytotoxic activity in breast cancer cells lines (MDA-MB-231 and MCF-7). Boldine itself has no cytotoxic capacity at an indicated concentration of 100 µM for 72 hours [24] . Finally, Thomet et al. used a boldine derivative as ligand to synthetized boldiplatin. This compound has a comparable inhibitory concentration to oxaliplatin and, moreover, exerts greater selectivity against cancer tumor cell lines [25] .
Antiproliferative activities of related alkaloids:
It was reported that aporphine alkaloids, especially those containing a 1,2methylenedioxy group, are effective against cancer cell lines [26] . On the other hand, nantenine, with a 9,10-methylendioxy, and apomorphine, with no methylendioxy group, also have proven antiproliferative properties [27, 28] . Thus which structural part is responsible for the antiproliferative activity remains an open question.
All the discussed alkaloids can be isolated from various plant species; only representatives of these plants are named. Further information about sources of aporphine alkaloids are reviewed by Guinaudeau, Leboeuf and Cave [29, 30] . Figure 2 : Nantenine-(6aS)-1,2-Dimethoxy-6-methyl-5,6,6a,7-tetrahydro-4Hbenzo[de] [1, 3] 
Nantenine

benzodioxolo[5,6-g]quinoline
Nantenine can be isolated from Nandina domestica (Berberidacae) and Uvaria chamae (Annonaceae). Nantenine exerts a cytotoxic effect on both HCT-116 and Caco-2 cell lines with a potency comparable with that of the clinically available anticancer therapeutic drug etoposide [27] , and a cytotoxic effect in mouse L929 transformed cells [28] . Like boldine, nantenine also seems to be selectively cytotoxic. At a concentration corresponding to the IC 50 against L929 cells, it was nontoxic to mouse thymocytes [28] . The C1 alkoxy derivative and the C1 benzoate derivative of nantenine exhibit marginally higher selective cytotoxicity to normal cells. The C1 phenolic group on the aporphine scaffold is detrimental to the cytotoxic activity [27] .
Dicentrine
Dicentrine, isolated from Lindera megaphylla (Lauraceae), is an adaptative intercalator, a molecule that can adopt a relatively flat conformation. It is a strong topoisomerase II inhibitor with an IC 50 of 27 µM, but is not a topoisomerase II poison [17] . Dicentrine may be compared with classical anti-cancer drugs such as anthracyclines. Its DNA intercalation, together with its inhibition of topoisomerases I and II, results in the formation of DNA strand breaks, which is followed by the activation of multiple signaling routes such as BRCA1-mediated DNA damage response, p53 signaling, G1/S and G2/M cell cycle regulation, and aryl hydrocarbon receptor pathways. CDKN1A appeared as one of the differentially expressed genes upon dicentrine treatment. Moreover, dicentrine is selectively cytotoxic to EGFR-expressing cells; the overexpression of EGFR is associated with different types of cancer [3] . Dicentrine significantly inhibited cell growth and biosynthesis of the macromolecules DNA and RNA, and decreased the colony formation. Its cytotoxicity was confirmed in multiple human, as well as mouse tumor cell lines by an MTT and in vitro tumor growing assay [31, 32] . Also, its derivative, (−)-nordicentrine, showed cytotoxicity against various human cancer cell lines [33] . Apomorphine displays scavenger properties at low concentrations [35] . After treatment with low concentrations, an antiapoptotic response (increased bcl-xL, bcl-2; decreased bax) and increased cell viability were manifested [36] . At high concentrations of apomorphine a proapoptotic response, including the up-regulation of caspases-3 and 10, fas and fas-ligand, NF-κB p105 subunit, and tumor suppressor protein p53 mRNAs was observed [36] . It causes cell death at higher concentrations. Typical necrotic DNA degradation was found in C6 cells treated with 400 µM of apomorphine for 6 hours (loss of membrane integrity; degeneration of cytoplasmic organelles, especially mitochondria; and DNA fragmentation) [37] . Roemerine, isolated from Annona senegalensis (Annonaceae), has no cytotoxic properties alone, but is able to enhance the cytotoxic response mediated by vinblastine with multidrug-resistant KB-V1 cells. This effect seems to be achieved via its interaction with P-glycoprotein [38] . Some cytotoxicity of roemerine was proven against K562S cells [39] . Dugeutine, isolated from Duguetia furfuracea (Annonaceae), proved to have in vitro antitumor activity comparable with that of doxorubicin [26] .
Conclusion:
After the ascendancy of synthetic chemistry over natural product drug discovery and development during the latter part of the 20th century [40] , nowadays the interest returns to the plant and folk medicine as a source of either new therapeutic substances or chemical scaffolds for drug synthesis. One such promising group is the family of aporphine alkaloids comprising boldine and its derivatives that is used in folk medicine to treat headache, earache, rheumatism, dyspepsia, menstrual pain, urinary tract inflammation and others [19] . Ample evidence demonstrates the ability of boldine to act as a potent free radical-scavenger and antioxidant molecule. However, recent studies show that boldine and other aporphine alkaloids also exhibit antitumor properties which are not related to oxidative stress management. Boldine can be isolated quite easily from various plants, and, due to its beneficial properties, could represent another new phytotherapeutic drug arising from folk medicine.
Abbreviations: ROS reactive oxygen species, PPAR peroxisome proliferator-activated receptor, PAF platelet-activating factor, PARP poly ADP ribose polymerase
